Evidence for symptomatic convergence of schizophrenia and N-methyl-D-aspartate glutamate receptor (NMDA-R) encephalitis highlights the need for an assessment of antibody prevalence and specificity for distinct disease mechanisms in patients with a diagnosis of schizophrenia among glutamatergic pathophysiologic abnormalities in psychiatric disorders.
D
ESPITE DECADES OF REsearch, no unifying pathophysiologic abnormalities have been identified for schizophrenia; consequently, in contrast to other fields of medicine, no physical or laboratory test is available to objectively affirm the diagnosis of schizophrenia. Current diagnostic classification systems (DSM-IV and International Statistical Classification of Diseases, 10th Revision) rely on psychopathology, social or occupational dysfunction, and time criteria to define a clinical diagnosis of schizophrenia if substance abuse, adverse effects of medication, or psychosis resulting from other medical conditions have been excluded by taking a thorough patient history, as well as performing a physical examination, routine blood tests, brain imaging, and screening for illegal drugs or alcohol addiction. Thus, as originally developed by Eugen Bleuler, 1 schizophrenia is still a diagnostic construct that describes a clinical syndrome rather than a clearly defined disorder. Notably, Bleuler used the term schizophrenias, which referred to the observed clinical heterogeneity that may be paralleled by different underlying pathophysiologic mechanisms. 1 Therefore, the identification of endophenotypes by clinical features or molecular markers may be a promising approach for future psychiatric research to detect clusters of patients with distinct pathophysiologic abnormalities and pave the way for the development of improved treatment strategies, which could progress from symptomatic to causal therapies.
In addition to other established theories, such as the neurodevelopmental, dopamine, or glutamate hypotheses, there is growing evidence for an immune component in a subgroup of patients. For example, several immune-related susceptibility genes for schizophrenia have been identified in the major histocompatibility complex region of chromosome 6p21.3-22.1. 2 Other studies have described changes in the profile of inflammatory cytokines and numeric distribution of lymphocyte subsets in the peripheral blood of patients with schizophrenia.
3,4 A low-grade neuroinflammation hypothesis in schizophrenia is supported by a recent postmortem brain analysis and studies of cerebrospinal fluid (CSF), which identified slightly increased cell counts and moderate bloodbrain or blood-CSF barrier dysfunction in patient subgroups. [5] [6] [7] [8] Despite such convincing evidence, it remains a challenge to determine how these immunopathologic conditions are associated with disturbances of neurotransmission in schizophrenia. 9 Antibodies that are directed against disease-relevant brain tissue epitopes in patients with schizophrenia could provide a link between immune abnormalities and altered neurotransmission. Although initial studies 10 were limited by a lack of methodologies to identify specific antigens, more recent publications 11, 12 have reported autoantibodies against neurotransmitter receptors, such as the muscarinic acetylcholine receptor. Dalmau and colleagues 13 discovered in patients with encephalitis that schizophrenia-like psychotic and catatonic symptoms could be triggered by IgG serum and CSF antibodies that are directed against extracellular epitopes of the NR1a subunit of N-methyl-D-aspartate glutamate receptors (NMDA-R). These antibodies induce a reversible and selective decrease of NMDA-R clusters in postsynaptic dendrites by a mechanism of cross-linking and internalization.
14 Clinically, most patients with NMDA-R encephalitis develop a multistage illness that progresses from psychosis, memory deficits, seizures, and language disintegration to a state of unresponsiveness with catatonic features often associated with abnormal movements, as well as autonomic and breathing instability. The disorder has a potentially relapsing disease course and predominantly affects young females; it is eventually related to the presence of an ovarian teratoma and often responds to tumor resection and immunotherapy (first-line: corticosteroids, intravenous immunoglobulins, plasma exchange; second-line: rituximab or cyclophosphamide). 15, 16 Recent publications on NMDA-R encephalitis have focused on patients with the full-blown syndrome; however, mild or incomplete forms of the disorder (formes frustes) with predominant or isolated psychiatric symptoms could occur. It has been suggested that the profile of symptoms in NMDA-R encephalitis depends on the intensity of the antibody effects on the density of NMDA-R, 17 which is similar to observations after ketamine hydrochloride and phencyclidine hydrochloride administration. 18, 19 Low doses of these NMDA-R antagonists cause psychosis, anxiety, agitation, memory disturbance, decreased responsiveness to pain, and speech reduction, whereas higher doses produce dissociative anesthesia, a state of profound unresponsiveness with catatonic features, orofacial and limb dyskinesias, autonomic instability, and seizures. 17, 20, 21 Interestingly, Zandi et al 22 observed NMDA-R serum antibodies in approximately 6% (3 of 46 patients) with firstonset schizophrenia. The authors emphasized that there were no clinical features differentiating seropositive patients from those with other forms of psychosis and that antibody-positive patients met the clinical DSM-IV criteria for schizophrenia. However, the applied test system did not distinguish between different epitopes of the NMDA-R or immunoglobulin classes, and the cohort was not suitable for an investigation of diagnostic subtypes. A larger, clinically diverse cohort is needed to characterize the epitope specificity of antibody subtypes and disambiguate patients with schizophrenia from those with psychotic NMDA-R encephalitis.
Notably, psychotic or psychotiform symptoms, anxiety, agitation, and deficits in cognition can also occur in other diagnostic entities in the field of psychiatry and have been associated with alterations in glutamatergic neurotransmission, such as major depression (MD) or borderline personality disorder (BLPD). 23, 24 However, the prevalence of NMDA-R antibodies in these psychiatric disease entities is unknown. There may be similar mechanisms that affect NMDA receptors, and current antidepressant treatment approaches include NMDA-R inhibitors. Therefore, serum samples from unmedicated, acutely ill patients with clinical diagnoses of schizophrenia, MD, and BLPD were needed to characterize the disease specificity of NMDA-R antibodies. To test the clinical application of these potentially relevant biomarkers, a large sample of healthy individuals serving as controls was required to estimate the incidence rates of these putative biomarkers in unaffected individuals.
Acute and severe psychosis in cases of NMDA-R encephalitis is associated with high serum and CSF IgG antibody titers against the NR1a subunit of the NMDA-R. 13 However, psychiatric symptoms may not be exclusively induced by this antibody subtype. Antibodies against different epitopes, such as NR2a and NR2b subunits of the NMDA-R, have been described [25] [26] [27] [28] in cases of limbic encephalitis or systemic lupus erythematosus, which affect the central nervous system. For a broad clinical evaluation, the spectrum of immunologic responses and their disease specificities should therefore be explored by the detection of IgG, IgA, and IgM antibodies against NR1a and the heterodimer NR1a/NR2b. Because pure psychiatric manifestations have also been reported in patients with antibodies against ␣-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate receptors (AMPA-R), we examined the blood samples for antibodies against the GluR1 and GluR2 subunits of AMPA-R. 29 The primary outcome was the overall number of seropositive cases for NMDA-R and AMPA-R antibodies; the secondary outcome was disease specificity of IgA/IgG/IgM antibodies and epitope specificity for clinical subgroups.
METHODS

SPECIMENS
The study was performed in accordance with German laws, the Declaration of Helsinki, and the guidelines of the local institutional review board. Written informed consent was obtained from all participants. We screened all available serum samples of acutely ill (unmedicated for at least 6 weeks) patients from a recently established scientific blood bank at Magdeburg University's Department of Psychiatry for the presence of different kinds of glutamate receptor antibodies (see the section "Detection of Antibodies Against Glutamate Receptors"). The patients were aged 18 to 60 years and received a clinical diagnosis of schizophrenia (n = 121), MD (n = 70), or BLPD (n=38) according to DSM-IV criteria ( Table 1) . 30 Blood samples from acute disease phases were obtained within 24 hours after admission to Magdeburg University's Department of Psychiatry from June 2007 to May 2010. Individuals serving as matched controls (n=230) were recruited during the same period. Psychiatric abnormalities were monitored by 2 well-trained psychologists using the Positive and Negative Syndrome Scale (PANSS) and the 21-item Hamilton Scale for Depression (HAMD-21). All acutely ill participants were treated as inpatients after admission and underwent therapeutic drug monitoring. Clinicians had access to detailed clinical files, including the medical histories by proxy and referral letters from the general practitioners. Follow-up blood samples were collected after clinical stabilization.
Before definite inclusion of the blood samples into our scientific blood bank, as suggested by the diagnostic guidelines of the German Psychiatric Association, 31 psychosis resulting from other medical conditions and substance-induced psychosis were excluded by a thorough physical examination, routine blood analysis (including differential blood cell count, kidney function tests, and levels of C-reactive protein, glucose, lipids, liver enzymes, and thyroid hormones), screening for illegal drugs, and magnetic resonance imaging of the brain. 30 In addition, electroencephalography (EEG) was performed. The same tests were carried out in the control, MD, and BLPD participants. Patients with a history of immune diseases, immunomodulating treatment, cancer, chronic terminal disease, cardiovascular disorders, diabetes mellitus, substance abuse, and severe trauma or clinical/paraclinical findings indicating these disorders were excluded, and controls were screened for personal or family history of neuropsychiatric disorders using the MiniInternational Neuropsychiatric Interview. 32 Blood was collected between 8 and 9 AM (fasted, 2-hour clotted). Diagnostic CSF specimens were obtained by routine lumbar puncture in all patients with serum IgG NMDA-R autoantibodies. Serum and CSF samples were centrifuged at 2000g for 10 minutes and stored at -80ЊC until analysis. Identical storage procedures were used for patient and control samples.
DETECTION OF ANTIBODIES AGAINST GLUTAMATE RECEPTORS
Antibody testing of all samples was performed at the Institute for Experimental Immunology in Lü beck, using a standardized laboratory assay as previously described. 33, 34 Patients and controls were randomly interspersed during the course of testing. Briefly, plasmids that contained glutamate receptor-type NMDA (subunits NR1a/NR1a and NR1a/NR2b) 15 or type AMPA (subunits GluR1 and GluR2) 29 were transfected into HEK293 cells. Recombinant cells were grown on cover glasses and fixed with acetone. Coated cover glasses were cut into millimetersized fragments (biochips) and used side-by-side with fragments containing untransfected cells as substrates in the indirect immunofluorescence test. The slides were incubated with patient samples at a starting dilution of 1:10 (serum) or undiluted (CSF). After incubation for 30 minutes at room temperature, the slides were washed in phosphate-buffered saline (PBS)-Tween for 5 minutes. In separate analyses, bound antibodies were labeled using fluorescein-conjugated goat antihuman IgG, IgA, or IgM antibodies for 30 minutes and washed in PBSTween for 5 minutes. Phosphate-buffered saline buffered glycerol (containing triethylenediamine to reduce bleaching) was added and a coverglass was applied. Samples were classified as positive or negative on the basis of the intensity of the specific immunofluorescence of transfected cells in direct comparison (7) 14 (9) Abbreviations: BLPD, borderline personality disorder; HAMD-21, 21-item Hamilton Scale for Depression; MD, major depression; PANSS, Positive and Negative Syndrome Scale.
a Refers to patients who were acutely ill and unmedicated but did not belong to the drug-naive first-episode group.
with nontransfected cells and control samples. The titer of an antibody was defined as the maximum dilution at which immunoreactivity was visible. All test results were confirmed in a blinded separate analysis.
STATISTICAL ANALYSIS
The diagnostic group differences regarding the distribution of cases with positive antibody titers were calculated by the Yates 2 test. Patients 1 and 2 were initially classified as having disorganized or catatonic schizophrenia. However, our study of blood samples from their first clinical evaluation showed post hoc typical features of NMDA-R encephalitis, such as specific IgG NR1a antibodies in the serum and CSF (post hoc diagnostic reclassification) ( Table 2 and eAppendix; http://www .jamapsych.com). We performed an additional data analysis excluding these patients to underpin our findings regarding the diagnosis-specific prevalence of different NMDA-R antibodies. Statistical significance was defined as P Ͻ .05.
RESULTS
ANALYSIS OF SERUM ANTIBODIES AGAINST NMDA AND AMPA RECEPTORS IN THE WHOLE SAMPLE
Several types (IgA, IgG, and IgM class, directed against NR1a alone or against NR1a/2b) of NMDA-R serum antibodies, were present in 9.9% of the acutely ill patients (12 of 121) with an initial diagnosis of schizophrenia.
By contrast, none of the BLPD patients, including 5 with psychotiform symptoms, demonstrated seropositivity. Two of 70 patients (2.8%) in the MD group without psychotic symptoms and 1 of 230 control participants (0.4%) were seropositive ( Table 2 ). The diagnostic group difference was statistically significant (Yates 
IMMUNOGLOBULIN AND EPITOPE SPECIFICITY IN SEROPOSITIVE CASES
The IgG class antibodies directed against NR1a were found in only 2 patients (cases 1 and 2) with an initial diagnosis of disorganized or catatonic schizophrenia. According to Dalmau et al, 17 they could be reclassified post hoc as having NMDA-R encephalitis (eAppendix). Both individuals showed high initial IgG titers (Ն1:1000) (eAppendix). In contrast, 2 other individuals with IgG antibodies (cases 10 and 12) received diagnoses of paranoid schizophrenia. They had lower serum antibody titers (Յ1: 
PARACLINICAL CHARACTERIZATION OF ANTI-NMDA-R-SEROPOSITIVE CASES CSF and Follow-up in Patients
With IgG Seropositivity
Positive CSF titers were found in only the 2 patients with IgG NR1a seropositivity (cases 1 and 2; reclassified as NMDA-R encephalitis). During remission, antibody titers declined from 1:320 to 1:32 in the CSF of both patients, which was paralleled by diminished serum IgG NR1a antibody titers (eAppendix). In patient 1, initial lymphocytic pleocytosis (21 cells/L) and an IgG index of 0.8 normalized during clinical stabilization; however, oligoclonal bands were still present at the final follow-up. Patient 2 had a CSF cell count of 3 cells/L, an IgG index of 0.8, and positive oligoclonal bands during acute illness. Clinical stabilization was associated with a reduction of inflammatory parameters (1 cell/L; IgG index, 0.5; and no oligoclonal bands). In contrast, patients 10 and 12 had NR1a/NR2b antibodies in the serum but not in the CSF; both patients had a normal CSF cell count and IgG index; however, patient 10 was positive for oligoclonal bands. As in cases 1 and 2, serum antibody titers decreased along with clinical improvement (eAppendix).
EEG and Magnetic Resonance Imaging
Results of the EEGs performed during the acute stage of the illness were abnormal in cases 1, 2, and 6, showing nonspecific slow and disorganized activity without epileptiform discharges (Table 2) . Despite the drastic clinical symptoms and the persistence of antibodies for several years, the brain magnetic resonance imaging results were unremarkable in cases 1 and 2 and in 80.0% (12 of 15 patients) of all anti-NMDA-R-seropositive cases ( Table 2 ). The remaining 3 cases revealed nonspecific changes, including mild bifrontal or general cortical and subcortical atrophy (patients 6, 9, and 13) or nonspecific T2 white matter lesions (patient 10).
COMMENT
To our knowledge, this study of 459 individuals is the largest systematic analysis of glutamate receptor antibodies that focused on acutely ill unmedicated psychiatric patients with different DSM-IV diagnoses. Furthermore, this study discerned antibody classes (IgA, IgG, and IgM) and epitopes (NR1a alone vs NR1a/NR2b). Although AMPA-1 and AMPA-2 receptor antibodies were absent in all of the tested participants, we identified several types of serum NMDA-R antibodies in up to 10% of all patients with an initial diagnosis of schizophrenia, but only in approximately 3% of the MD cohort and in none of the BLPD group. Thus, we provide the first evidence of a specifically increased prevalence of NMDA-R antibodies in patients with a schizophrenia diagnosis. The relevance of the NMDA-R autoimmune responses seems to follow several hierarchical levels of importance. First, despite the increased prevalence of NMDA-R antibodies in patients with an initial diagnosis of schizophrenia, seropositivity was also observed in 2 MD patients and in 1 healthy control participant. Among seropositive individuals, patients 1 and 2 had specific IgG antibodies directed against NR1a, which were also increased in the CSF. These patients had initial diagnoses of disorganized or catatonic schizophrenia; however, retrospectively, it was clear that they had misdiagnosed NMDA-R encephalitis (according to the criteria established by Dalmau et al 17 ) . Accordingly, paraclinical test results showed slow and disorganized EEG activity during the second disease episode of patient 1, as well as mild lymphocytic pleocytosis and an increased IgG index in the CSF of both patients (eAppendix). In contrast, the IgG NMDA-R antibodies in patients 10 and 12 were probably directed against a different epitope of the NMDA-R, since they were reactive against NR1a/NR2b but not against NR1a alone. Moreover, these patients did not exhibit the characteristic clinical symptoms and inflammatory CSF findings of NMDA-R encephalitis. We conclude from these findings that the clinical manifestation may vary depending on the kind of subunit blockade caused by these autoantibodies. However, epitope mapping experiments and larger numbers of cases are warranted to address this hypothesis. An analysis of NR2a antibodies could have resulted in even more comprehensive data. However, the analysis of this antibody subcategory was not part of the study protocol.
IgA and IgM anti-NMDA-R antibodies were present in all other seropositive cases. These were not specific for schizophrenia, and their significance remains to be clarified, for example, by including CSF samples from patients with acute episodes of neuropsychiatric disease. The eTable shows that there was no clear association pattern regarding the presence of these immunoglobulin classes with disease duration or disease stage. We did not set up B-cell class switch as a hypothesis, since it is known from several autoimmune disorders that IgA or IgM antibodies are not restricted to distinct phases of the disease course but can persistently be found. [35] [36] [37] The IgA antibody is typically considered to be of importance on mucosal surfaces. However, persistence in serum as well as intrathecal synthesis of IgA NMDA-R antibodies has been described as markers of synaptic immunity in patients with slow progressive cognitive impairment (clinical symptoms improved after immunotherapy). 38 Thus, the increased prevalence of IgA NMDA-R antibodies in the schizophrenia cohort suggests an immunological link to Emil Kraepelin's "dementia praecox" concept. 39 This idea may be clarified in future studies by providing additional cognitive test data from patients seropositive for IgA NMDA-R antibodies. Notably, NMDA glutamate receptors are also present outside the brain (eg, heart, kid-ney, and lungs). 40, 41 Therefore, systemic immune alterations must be considered when studying the complexity of NMDA-R seropositivity in schizophrenia. 9, 42 The contribution of peripheral tissues to the development of autoantibody production and the largely unknown relationship between peripheral tissues and abnormal brain function warrant further investigation. Our study additionally revealed the important insight that NMDA-R antibodies may be detected in healthy individuals (IgM subtype, case 15). It is unknown whether such individuals are prone to a higher risk of developing neuropsychiatric disorders.
LIMITATIONS AND PERSPECTIVES
According to Dalmau et al, 15 ,17 a specific immune profile can be assumed for NMDA-R encephalitis (IgG NR1a antibodies in serum and CSF), whereas patients with schizophrenia show a less-specific NMDA-R immune response by an ample repertoire of immunoglobulins that are also present in other disorders (cognitive decline, MD). Therefore, the identification of 2 cases of NMDA-R encephalitis in our schizophrenia cohort may appear intriguing. However, we chose a different approach: the primary objective of our study was to compare the prevalence of different kinds of NMDA-R antibodies by an unbiased screening of all available serum samples from our scientific blood bank across 3 patient populations (acutely ill unmedicated schizophrenia, MD, and BLPD) with diagnoses determined using state-of-the-art procedures within the clinical setting of a psychiatric university department. We detected specific IgG NR1a antibodies post hoc and not during the routine diagnostic procedures. Nevertheless, we observed similar levels of significance regarding the overall prevalence of different kinds of NMDA-R antibodies in the schizophrenia cohort, even when we removed cases 1 and 2 from statistical analysis (see the "Results" section). The presentation of this additional statistical analysis does not reflect that we would necessarily prefer one opinion (our unbiased antibody screening approach with post hoc reclassification of 2 cases with an initial schizophrenia diagnosis vs the approach to consider NMDA-R encephalitis from the initial examination as a distinct diagnostic entity). The 2 estimates of significantly increased prevalence in schizophrenia are neither contradictory nor different in their message. We acknowledge that the diagnostic accuracy in psychiatry needs to be understood within the dynamics of ongoing discussions regarding the development of future diagnostic classification systems (DSM-5 and International Statistical Classification of Diseases, 11th Revision) and evolving biomarker research. The latter field is gradually being accepted and aims to identify more objective parameters in the diagnosis of schizophrenia (eg, compared with patient interviews) to increase the reliability of diagnoses among specialists. 43, 44 Moreover, the detection of molecular biomarker clusters may be helpful for the identification of distinct underlying abnormalities within the group of schizophrenic psychoses, which would facilitate the development of personalized medicine.
Unfortunately, reliable information on the exact onset of symptoms during the current disease episode was not available for all patients, since initial symptoms appeared before hospitalization and were very dependent from subjective reports. However, given the course of immunologic mechanisms, this information might be highly relevant for future studies.
The putative pathogenic role of these NMDA-R antibodies notwithstanding, their sole presence does not prove their etiologic involvement in schizophrenia. Nevertheless, a pathologic process that resulted in neuronal damage may have caused the immunologic sensitization to NMDA-R as a by-product. However, the associated clinical peculiarities support at least the specificity for this diagnostic group.
CONCLUSIONS
We revealed an increased prevalence of several types of NMDA-R antibodies, affecting up to 10% of patients with an initial clinical diagnosis of schizophrenia. Although this observation corresponds with downstream mechanisms of the glutamate hypothesis in schizophrenia, a novel and clinically distinct group of psychotic patients with specific treatment options should be considered. We confirm evidence for the generally accepted NMDA-R encephalitis-related psychosis according to Dalmau et al 15 and assume that some individuals, particularly young female patients, with disorganized and catatonic features of schizophrenia may be misdiagnosed encephalitis cases. 45, 46 However, larger cohorts need to be analyzed, including more patients with catatonic symptoms, to substantiate this conclusion with sufficient statistical power.
Our findings suggest that the repertoire of antibody classes (IgA, IgG, and IgM) and epitope targets (NR1a alone vs NR1a/NR2b) is wider in patients with the psychiatric diagnoses of schizophrenia, MD, or BLPD than in patients with NMDA-R encephalitis (specific IgG NR1a antibodies in serum and CSF). It is unclear whether the increased prevalence of other anti-NMDA-R antibody subtypes in schizophrenia is an epiphenomenon or a weak etiologic feature that is related to the glutamate hypothesis.
In the context of immunologic models of schizophrenia, our findings may provide translational validation to NMDA antagonist-induced alterations that have been observed in preclinical models. 18 The identification of a subcohort with NMDA-R antibodies may open the door to personalized medicine and render patients susceptible to new specific glutamate-modulating, anti-inflammatory, or immunomodulating therapies.
